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U. ASiifaci After 60-90 day space flight mild osteoporosis developed in 
the epiphyses and metaphyses of long tubular bones of tortoises, which 
was not attended with reduced mineral saturation of the preserved bone 
tissue microstructures. The diminished strength of the cancellous bone 
of the epiphyses in tortoises after space flight is due to the reduced 
total mass of the bone 'substance and, possibly,- to changes in the 
properties of its structure. The strength of the compact substance did 
not change under the effpct of weightlessness. 
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EFFECT OF F70QRS OF PHDLONC^ SPACE FLIGHT 
O0N3IT10N OF TORTOISE SKELETON 

By G. P. Sti^iakov, A. I. Volozhin, V. A. Korzhen'yants, V. S. Yagodovskiy, A. N. 
Polyakov, V. V. Korolev, and V. A. Elivanov 

A stxK^ of the changes of the skeleton during weightlessness is an urgent /9^ 
task as a oonseguei^ of the possible red uc tion in strength chcuracteristics of 
the bones, emd consequently, the resistance to tte effect of inpact g-forces, 
for example, during landing of the reentry equipment of the spicecraft. 

The goal of this work was to investigate the ultimate strength of the ccnt- 
pact and ^ongy substance of tortoises v4io endured a spaceflight lasting 19, 22, 

60 and 90 days, in ccnparison with the condition of the ndneral coiponent and 
ttffi quantitative indices for porosity of the ossecxis structures. 

TECHNIQUE 

A Study was made on 30 tortoises Festudo Horsfieldii Gray of both sexes 
weighing 180-545 g. In the spacecraft the aninals CIO) were placed in metal 
boxes, and during the flight they did not receive food (group "spaceflight") . 

Under ground aanditions a "synchronous experiment" was conducted with maintenance 
of unfed animals (8) in analogous boxes. Ihe control turtles (12) were Icept in 

*Numbers in margin~indicate pagination in original foreign text 


1 


a vlvarlm (group "vivarium control") and received the ration standard for these 
animals. The anintals were killed vdthin 2 days aft^ landing by the adninistra- 
tion of heoEsnal (100 mg per 100 g of weight) . The hunaural and femoral bones 
after skeletonizati(»i were stored in cold in 0.5% neutral Fomalin until the 
manent of testing for stragth; then were placed in 10% Formalin. No later 
than one week after death a study weis made of the strength of the vdiole bones 
by testing than for static bending or the sawed-off distal ^iphyses — for 
OGmpression. The t^ts were ccaiducted on a standard ZM-40 machine with tl» use 
of reverse. In the tests for bending the boi» was placed on supports, where 
the di st a n ce between them was 15 nin. The middle of this distance cx>incided with 
the axis of the bending knife and the middle of the long bone. The mcment of In- 
ertia was determined with the assunption that the external shape of the hone dla- 

j^sis in cross section and the shape of the medullar^' canal represent a regulcu: 
ellijse. The distal ^iphyses were tested for coipression by loading with the 
help of a cylindrically shaped penetrator with area of the cross section 1 irm. 
Eeudi qpiphysis was loaded in the medial and lateral region, then the average 
amount of ultimate strength was ccnpited. The calculation error for the in- 
dices of the strength-measuring device in the machine did not exceed 1% of the 
measurable load^ the rate of movement of the active heed of the machine in the 
tests for bending was 35 nn^nin, for compression 1 mnyhiin. Bones of animals 
were tested for bending after 22-and 60-day experiment, for coipression after 
the 19-and 90-day. To ccnpute the ultimate strength of the bones the external 
and internal dimensions of the bones were determined in their cross section 
frcm x-ray photogr^)hs taken in sagittal and frontal projection on the "Mikrat- 
200" film without an intensifying screen. Osteometry was conducted in the middle 
of the bone length with the help of an MBS-2 microscope equipped with an ocular- 
roicrcroeter (measurement accuracy ^.025 nm) . 
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13^ content of mineral ccn^onent is a unit of osseous substance volume 
(mineral saturation in ^cane per 1 cm ^) , correlation of minerad and organic 
oonpcaients aoxarding to weight (ash ocmtent in %) and specific weight (dei^ity 
in grams per 1 cm^) were detemined in a fra^oanit of the diaphysis cut out in 
the fono of a ring^ and in the distal ^ipi:^is according to the technique 
previously d e scribed I3J . Ihe degree of mineralization of the bone marrow dia- 
pl^ses of the tcTtoise was studied a£ter the 22-and 90-day fli^t by the method 
of quantitative micro-x-ray diffractanetry of microsections [4] . In each micro- 
x-ray photograph the mineral saturation was evaluated at 10-20 points, and the 
average index for mineralization of the microstructures was ocnputed. 

For a histologicxvl stui^ the osseous material was fixed in 10% neutral 
Formalin, decalcinated in 10% nitric acid. Ihe celloidin media were stained with 
hemataxylin-eosin and Eyrofuschin accxsrding to Van Gieson. Ihe area of the 
vascular c:anals was measured on the dec:alcinated cross sections (thickness 7-10 
|jn) of tte diajivyses after using a grid [1] , installed in the ^e piece (x7) of 

the micaroscx^ with lens x40. One point on the grid (conventional unit of area) /lO 
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corresponded to 53 pm . On each peparntion 50-100 c^anals were measured. All 
the vascular canals were arranged acxxjrding to sizes; 5, 6-10, 11-15, 16-20, 

21-40, 41-60, 61-100 con. un. Ihe number of canals in each rcw was expressed 
in percents of the nuntoer of all those measured on the preparation. A separate 
calculation was made of the total number of medullary spaces (with area 100 con. 
un. ) , arranged primarily on the side of the endosteum. 

RESULTS AND THEIR DISCUSSION 


All the indices in the grcjv^s "synchronous eiqjeriment" and "vivarium con- 
trol" did not differ, and therefore these animals were united into one control 
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gnx^ C20 tortoises) . Since the wei^ of tl% animals fluctuated in broed 
limits^ a ooxxelatim an£dy8is was made of the wei^t indices of the control 
animals vdth. the amounts of mineral saturation, ash content and densil^ of the 
s{)ongy and ccmpact substance of the femoral and humeral bones. It Mas estab- 
lished^ that there is no link between the indicated amounts and the weight of 
the animals. A close d^>endence was revealed of the mineral saturation on the 
asb content amount, vdiich can indicate the relative constancy in the dimensions 
and the total volume of microscqpic planes in the bo^ of different tortoises. 

A close correlation was also revealed betweei the ash content indices of the 
compact and spc^igy substance. 

Ihe link between ash content and mineral saturation and density of the 
spongy substance was pronounced considerably more weakly than in the compact. 

Hiis is explained by the fact, that the volumetric content of the mineral compo- 
nent in the spongy substance depends not so much on the degree of mineralization 
of the ossecxis substance of the trabeculae (with its relative ccaistancy) , as 
the density of tlieir composition. High correlation coefficients for the 
indices of mineral saturation and density of the spongy and compact substance 
can be explained the fact, that they both depend on the weight of tl^ mineral 
component in a unit of volume of osseous tissue. 

All the tortoises who experience the spaceflight were united into two groups: 

1 — six animals after the 19-22-day flight, second — four tortoises after the 60- 
and 90-day flight (Table 1) . 

The properties of the compact osseous tissue did not depeivi on the dura- /II 
tion of weightlessness, no signs of osteoporosis were fcxind by ^d^sical methods. 

In the distal epi£iiyses in the animals after the 19-22-day flights, the amounts 
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of mineral saturation, ash content and density also did not diange. After the 
60-90-day flights the deisity, and especially the mineral saturation had a tend- 
to decrease (see Table 1) . No decrease in the amount of ash content was 
revealed. 


TABI£ 1. MINERAL SATORATION, AS! (XHUNT AND DEICIIY OP CXWPACT AND SPONGY 
OSSEOUS TISSUE IN TORTOISES (Mfa) 


Examined 


Minerad Ash Density, Mii»ral Ai^ Densi^ 
&taira- Content g/cmr Satura- Ccxitent g/an3 
ticMi, g/cm^ % tion,g/cnr % 

Ccxitrol 
^>ace flight; 

19 and 22 deys 

60 cuid 90 days 

Control 
Space flight: 

19 and 22 days 

60 and 90 days 

Fa 

|1.168±0.014j60.7±0,6 

noral Bon 

1 .92.3+0,012 

0.354±0.008 

57.4±0.7 

0.613±0.016 

1.192+0.005 

(102.2) 

1.17.5+0,008 

(100.6) 

jl. 174 + 0. 0!;l 

61 .5+0.4 
(101.2) 
61.1 + 1.5 
(100.6) 

Hun 

60.9±0.4 

1.958+0.010 

(101.8) 

1.865+0.013 

(97,2) 

nezal Bon 

1.911±0.012 

0.346+0.014 

(97.8) 

0.326+0.017 

(92.1) 

It 

0.413+0,010 

59.1+0.3 

(102.9) 

56.1+0.4 

(97.'7) 

58.0+0.7 

0.591+0.021 

(96.5) 

0.580+ 0.025 

(94.5) 

0.710±0.015 

i ,!6;l+0.013 

l‘)9.2) 

1.150+0.016 

(98.0) 

60.7+0.6 

(99.6) 

61.2+0.7 

(100.4) 

1.929 + 0.013 
(101 4) 
1.881+0.017 
(99.0) 

0.418+0.014 
(101.1) 
0.387+ 0.014 
(93.7) 

59,8+0.3 

(103.1) 

57.5+0.3 

(99.3) 

0.708+0. 024 
(99.7) 

0.686+0.021 

(96.6) 


Note: In parentheses the same indices are given in % of the control. 


According to the data of a micro-x-ray diffractcmetry study, the average 
level of mineralization of the osseous tissue in the dialyses of the bones after 
the 22-day spaceflight was close to the data of the control — 1.33 emd 1.36 ng/itm^ 
respectively. After the 90-day flight no changes were also found in the miner- 
alizatim of the micrc^tructures of the osseois tissue (1.39 and 1.31 mg/^im^) . 

Pt^sical methods reveal the developnent of slight osseoperosis in the ^i- 
pt^^s and meta£d^^ses of the femoral and humeral bones after 60-and 90-day 
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flights. In a histological study th^ data were oc»iflnned. IXiring norphcmetry 
of the vascular canals certain laws were revealed that govern the change in dimen- 
sions depending on the duration of the experiment. In the control tortoises 
eiayninetrlcal distributlcxi of the vascular canals over their area was establi^ied 
(Figure 1) . 631 of all the canals of an area up to 10 ^n. un. Ihe larg^t 
cana l s are local iz ed on the side of the endMteum, vA)ere apparently^ the most 
Intaislve processes of bone reconstruction o(xur with the dtalnance of resorpticsi. 
Ihe asynmetrical distribution of canals indicate the fairly intensive recon- 
struction [63 of the cortical layer of the long tubular bot^ of the tortoises. 
After the 19-22-day spaceflight no significant changes were »3ted in the distri- 
bution of vascular canals cv^ the area. However, in the animals of this groi^ 
a decre a se to 7. 7^1. 4 (in ti^ control 11.3^0.9) was found in the nunber of 
spaces delimited by the trabeculae fron the medullary canal, i^iparently, this 
result is due to activation of the resorptive processes on the part of the endo- 
strazQ. In the tortoises after 60-day flight a more than dt^le reduction as 
ccnpared to tl:^ oczitrol was noted in the relative nunber of smallest vascular 
canals Cup to 5 con. ion.) due to canals with area of 11-60 con. un. The rela- 
tive reduction in the nuttber of canals with area to 5 con. un was observed 
also after the 90-day flight, vben there was a considerable rise in the rela- 
tive nurber of canals with size from 5 to 10 con. xan. , vbile the frequency of 
canal distributicn with area 16-100 con. un. did not differ from that in the 
control. Under conditions of 60-90-day experiments the total ntatber of medullary 
spaces in the wall of the diapt^sis was normalized (respectively 10.0^1.4 and 
11.5^0.3) . Ihis fact, probably is explained by tte emergence of foci of re- 
sorption of the cortical layer of the diapl^is. One can draw the conclusion, 
that a 20-day spaceflight induces intensification of resorption of czily the 


6 


*^» 08 t aooMSible" trabeculae, on the side of the loedullaxy canal, lairing a 60- 
da^ flight the sizes of the "average" (11-60 con. un.} canals are increased; 
the majority of them are located in the intermedlal zone of the cortical layer, 
virile after the 90-day eo^eriment the resorptive process also affects the z«ne 
of the dii^iliysi^ %«all near the external surface of the bone, where the roajori^ 
of canals are located with small area (up to 5 aon. un.) . The constantly oon- 
tiniing re^rptim of osseous trabeculae an the part of the medullary canal 
results in a seouing norm a l ization in tt^ mznber of medullary spa^s vdthin the 
diapt^is wall limits. 



Figure 1. f reguancy of Distribution 

of Vascular Canals Over Area 
in Diaph^^^ of Hixneral and 
Femoral Bones of Tortoises 

Key: 

1. control 

2,3,4. spaceflight respecti^^ly 19-22, 
60 and 90 days 

On X axis — area of canals in con. un. , 
on y axis — parentage of canals of given 
area of total nunher of canals 


A correlation analysis did not establish ai^ significant link betwe&i the 
indices of mineral saturaticxi, ash content and density of the compact su bs tanc e 
with its toltimate strength in tl% control animals (Table 2) . This result is 
due not tc the absence of such a link, but apparently, tte insignificant indi- 
vidual fluctuations in tl^ indices for the osseous mineral fdiase and its ulti- 
mate strergth. In the control animals, the ultimate stragth of the bone was 
15.24*0.61 kg-f/tim2, in the 22-and 60-day flight animals— respectively 14.18* 
0.53 and 15.19*0.81 kg-f/rtin^. Consequently, the strength of the ccropexrt sub- 
stance in tl^ di^d^is of the femoral and huneral bones in tortoises after 
22-and 60-day flights weis not changed, which agrees with an absence of a change 
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in the condition of the tahmral onponent in the indicated eections of the Img 
bones. A oorzelation analgia (Me 2) in the control tortoisM revealed 
a very clone link between the ultijnate strength of the spongy svdsstance in the 
distal epijshysie of the tubular bone and the anxxmts of mineral saturatlm and 
density in the absence of a depmdenoe an ash content. ConMgimitly, the 
strength the ^xmgy structure is mainly detaonined by the quantity of osseous 
s a daeta n c e in a xmit of bme volvaie and to a small degree, the owrelati^ of 
-mineral and organic o ompt a ients. Since the dqpenctenoe of ultimate strength on 
mineral satxuration is dis tin ct and bears an eKponential nature (Figure 2} , a 
ooniwriscai of the average strength indioM in groups -Tith a small nuntoer of /U 
observati^is is in^permissible, and a oGR|>arison vd.th the omtrol (12 tortoises) 
of the amounts of streigth in two tortoises aft^ 90-day or 4 tortoises sifter 
the 19-diy flight is un w ib et a n tiated. A unification of the indices of both 
experimental groi^ into one (6 animals} makes sw»h a ocnparison more substant- 
iated^ although su^ a gro;^ing is not quite successful ai^ording to the exper- 
imental pe r iods. Nevertheless, the ultimate str^igth of the spmgy substance 
in tcartoises after the 19-90-day fli^t on the average equalled 3.28^0.34 kg-f/hm^, 
and vas 20% lower than in the caitrol animal~4. 11^0.45 kg-f/hm^. 


TA^ 2. OOftRELATION CXXXFICIEIirS fX3R INDICES GF MINERAL SAIURATION, ASH OOtnENT 
AND OENSm OF SFCM6Y AND OGMPMiT OSSECUS TISSUE OF FEMORAL AID HUMERAL 
BONE IN OONTROL TORTOISES WTIH AMOUNTS OF ULTIMATE S TR ENGTH OF OSSEOUS 


TTR.QT151 

Ctesecxis Tissue of Diac^^sis 

Osseous Tissue of 1 

E^ipl^is 

HiheFaT 

Saturation 

g/aa? 

^5R 

Conteit 

% 

Density, 

g/<aP 

Mineral 

Saturaticsi 

g/caP 

TsR 

Ccmtent 

% 

Density, 

g/caP 

Ultimate streng]^ of 
bone, kg-f/h^: 
Mseous tismie of 
dis^fhysis 
ceseous tismie of 

es>4>^^ 

♦P<0.001; **?<0.01 

8 

0.30 ' 

0.59** 

0.20 

0.86* 

i 

\ 

1 0.21 

1 

0.92* 
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Figure 2. Change in D ^ w i dwo e ctf 

Ultiente Str»gth of ^pong^ 
^ibetenoe in ^i^iyies of 
FenM»l and Rumttal Bones 
on its Mineral Saturation 
and Density in TnrtoisM 
who Endured 19-and 90-0i^ 
S|>aoef limits 

Boundaries of 951 o^ldtenoe interval 
wxe dMlgnated in the eaqperiiaent 2 d groc^ 
by dotted line, for the oontxol by a 
da^-dot. 

On the X axis: A—minwal saturatim, 
B— ctensity (in q/ca ?) ; 

On the y axis-x-ultiiiiate strength 


It %AS revealed, that with the sane enount of mineral saturation in the 
toartoise bouM of both gnx^ the strength of the bone i^ lower in the ea^eri- 
ment^nl than in the ouitrol animals. Regressions of "roinmral saturation-strength'' 
in the control (Igy^. 4244-2. 501* x) and ea^erixonttal (Igy^O. 689+2. 976*x) grouj^ 
are significantly differ«:t, vMch was confirmed by verificaticm of the 
thesis on the valuM of the constants (t^«21.12, P<0.001) in the a J M e n o e of 
diff erenow in the residual disperslo’ (5] . In a ccmparisni of the regressions 
"density-strength” the resichud di^erslcxtt in both grou^ (eagaerim^tal-lgy* 

-0. 621+1. 738»x; o^itrol -Igy^O. 805+1. 94 »x) significantly differed in both 
groi^ F«4.06, P<0.01. For this case there is yet no preciM method for fur- 
ther OQqparisat of the reg r «wioi» I5J . 

obtained relatlcxwhi{» in the trmtoises \d)o underwmit a qeceflight 
can indicate the decrease in the strength characteristics of the structure of 
spongy b«ie tismie not only ^ to a decrease in its wei^t in a imit of volune, 
i.e., as a ooMequence of the deveXopnent of osteopex^is, but also as a r^ult 
of some additional change in the sibetance of the bone (huring its reccxxstruction 


9 


in the new functional oondltione of weis^ unloading of the skeleton. Sudi a 
viflii^int is oonfizasd by the that vdth an inanase in the ninural satur- 
atioA and density of the ^eous siddstanoe^ and oocweguently, vdth a decrease 
in the rate oi physiological ooratructicm of the bone the relationships *^nineral 
saturation-strength" and "density-stnngth" erar^ onto the ocmtxol level. 

The re«U.ts of the work mke it possible to draw certain g«ittralizati«is. 

First^ undu: the inflAitttce of snaoefli ^ factors lasting 60-90 days, in tor- 
toises in ths epiplq^ww and of the long tubular bones sli^t osteo- 

perosis develops. Second^ the rMorption of the osseous mbstanoe is not acooRv- 
panied by a decrease in the laineral saturation of the pnw«rved mlcrostructurM, 
vidoh can ^cplain the data on the absence of ^wnges in the microhardness of 
the osseous tis«je of oomonmats (2] . A decrease in the strength of the ^loigy 
bone ^ the ^ipt^^ees in the tortoises aifter a ^acefli^t is lintod to the 
dearease in the total weight of the caseous sutwtance, and possibly/ to a change 
in the paropexties of its structure. The str«f)gth of the coipact subetanc^ is 
not altered. The developtent under conditions of weightlessnns of Mtaoperc»is 
and dscxease in bote strength in tortoise indicate that the problem of the 
effect of ^eoefli^t factors on the skeleton is extrenely ur^t. 
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